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ABSTRACT: In polyamide 12 (PA12) tube extrusion, calibration is the key step of the process that affects the 
subsequent mechanical properties. In previous work it has been shown that according to the calibration conditions, a 
very oriented skin layer may be created, which has been correlated to an important decrease of elongation at break. In 
this paper, we present new results showing a good correlation between molecular orientation and fracture toughness, as 
evaluated by the EWF (Essential Work of Fracture) approach. They concern notched specimens and confirm the results 
obtained in classical tensile testing. EWF is very sensitive to processing conditions, and especially to induced 
orientation: it decreases from the external to the inner regions of the tube, and increases with skin orientation. 
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1 INTRODUCTION  
In polyamide 12 (PA12) tube extrusion, calibration is 
crucial for the major final properties such as elongation 
at break. In external calibration, the extruded tube is 
pulled through a cylindrical calibrator located in a water 
tank under vacuum. The calibration step may generate a 
highly oriented zone in the external layers of the tube, as 
shown by birefringence measurements. In previous 
work, a correlation has been established between the 
tube elongation at break and skin birefringence [1], a 
higher orientation inducing a lower elongation. We also 
developed a thermomechanical model of the process in 
order to provide a physical interpretation of the 
development of orientation in the outer layers of the tube 
[2]. The results clearly show that the axial stresses 
concentrate in the first solidified layers, inducing plastic 
deformation, hence molecular orientation and low 
elongation at break. 
In this paper, we present new results showing a good 
correlation between molecular orientation and fracture 
toughness, as evaluated by the EWF (Essential Work of 
Fracture) approach. They concern notched specimens 
and confirm the results obtained in classical tensile 
testing. It appears that EWF is very sensitive to 
processing conditions, and especially to induced 
orientation. 
 
2 THEORETICAL BACKGROUND 
The EWF (Essential Work of Fracture) method is a very 
popular approach to evaluate the fracture toughness of 
ductile polymers. It uses notched specimens with 
different notch sizes. According to Broberg [3], the 
plastic region at the crack tip can be divided into a 
Fracture Plastic Zone (FPZ) where the fracture process 
takes place, and an Outer Process Zone (OPZ) subjected 
to large plastic strains.  
The total work of fracture Wf can be decomposed into 
two components: 
                                pef WWW +=                            (1) 
We is the essential work of fracture associated to the FPZ 
and Wp is the non-essential work of fracture 
corresponding to plastic deformation in the OPZ. 
Equation (1) is usually rewritten as: 
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where t is the thickness, l is the ligament length, we is the 
specific essential work of fracture (in kJ/m2), wp is the 
specific non-essential work of fracture (in MJ/m3) and β 
is the shape factor. If for specimens with different 
ligament lengths, wf is plotted against l, a straight line is 
obtained with we as ordinate and βwp as slope. 
 
3 EXPERIMENTAL 
3.1 MATERIAL AND EXTRUSION CONDITIONS 
A PA12 grade for extrusion and blow molding was used: 
Mn = 25 700 g/mol and Mw = 7 700 g/mol. 
Experiments were carried out on an Arkema 
experimental extrusion line producing 8 mm diameter 
PA12 tubes. The polymer was extruded at 227°C, and 
pulled through a cylindrical calibrator made of brass and 
located in a water tank under vacuum [1,2]. Level of 
vacuum (∆P) is adjustable and allows tube external 
diameter to be fitted. At the entrance, water fills an 
annular channel, which supplies water between tube and 
calibrator. The sizing sleeve length was 70 mm, and the 
calibrator inner diameter was 9 mm. 
The present study concerned multilayered tubes 
consisting of five layers: PA/PE/PA/PE/PA. The 
thickness of each PA layer was about 100 µm, and that 
of each PE layer about 350 µm. As a consequence, the 
total thickness of the tube was about 1mm. Two levels of 
vacuum were applied: 100 and 225 mbar. 
 
3.2 MECHANICAL TESTING 
Using a Zwick machine, tensile tests were carried out on 
notched specimens with the DDENT (Deep Double 
Edge-Notched Tension) geometry, for different ligament 
lengths. These specimens, which were prepared from PA 
layers extracted from tubes, are presented in Table 1. 
They were drawn at 2 mm min-1 and at 25°C. 
Table 1: Samples analyzed by the EWF method 
Reference ∆P and analyzed PA layer 
101A 100 mbar – external 
102A 225 mbar – external 
101C 100 mbar – intermediate 
101E 100 mbar – internal 
 
This mechanical characterization concerned both the 
longitudinal (z) and the tangential (θ) directions of the 
tube. The dimensions of the specimens drawn along z 
were: length L (along z) = 100 mm, width W (along θ)  
= 20 mm and 2 < ligament length l (along θ) < 8 mm 
(dimensions 1). For tensile tests along  θ, other 
dimensions are necessary: L (along θ) = 10 mm, W 
(along z)  = 20 mm and 2 < l (along z) < 8 mm 
(dimensions 2). For comparison, specimens with 
dimensions 2 were also tested along z. 
 
3.3 MOLECULAR ORIENTATION 
Light microscopy (Leica DMRX microscope) was used 
to characterize the global orientation by birefringence 
measurements.  
  
 
4 RESULTS 
Figure 1 presents typical tensile curves obtained for a 
given specimen and different ligament lengths. The 
treatment of these curves using Equation (2) makes it 
possible to determine we and βwp (Figure 2). The values 
obtained for all the specimens analyzed are displayed in 
Table 2: we varies between 12.8 and 66.7 kJ/m
2 and βwp 
ranges from 7.1 to 16.2 MJ/m3. These results are in 
agreement with literature data. For instance, Yamakawa 
et al. found 36.94 kJ/m2 and 16.77 MJ/m3 for polyamide 
6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Force-displacement curve for sample 101C 
drawn along z; l = 1.6, 1.8, 2.8, 3.6, 3.9, 4.7, 5.5, 7.1, 7.4 
mm 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: wf vs. ligament length for sample 101C drawn 
along z 
5 DISCUSSION 
5.1 COMPARISON BETWEEN SKIN AND CORE  
The results of tests 101A z, 101C z and 101E z make it 
possible to compare the mechanical behaviour of the 
skin (external layer) and the core (intermediate and 
internal layers) regions.  
we is the greatest in the external layer, which can be 
attributed to the high molecular orientation developed in 
this region. In previous work on monolayer tubes [1], the 
identification of the extinction lines observed on 
polished sections revealed high birefringence values at 
the skin, decreasing rapidly from the external surface to 
the inside of the tube. At the external surface, they were 
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always greater than 0.018, while they were lower than 
0.01 beyond the 100 external microns. Observation of 
thin microtomed cuts confirmed a great orientation of the 
external skin. Thickness of this skin varied from 11.6 µm 
to 23.3 µm and its birefringence was between 0.018 and 
0.033. This skin birefringence was correlated to the 
elongation at break of the tubes: it appeared that 
elongation at break significantly decreased as the skin 
orientation increased. The same birefringence levels 
were obtained here: 0.018 at the external surface and less 
than 0.05 for the intermediate and internal layers. 
Table 2: Specific essential and non-essential works of 
fracture 
Dimensions 1 
 
Reference Tension 
along 
we 
(kJ/m
2
) 
βwp 
(MJ/m
3
) 
101A z z 47.2 16.2 
101C z z 25.9 10.5 
101E z  z 12.8 11.6 
102A z z 66.7 9.6 
 
Dimensions 2 
Reference Tension 
along 
we 
(kJ/m2) 
βwp 
(MJ/m3) 
101A θ θ 17.6 7.6 
102A z’ z 53.4 13.6 
102A θ θ 29.2 7.1   
 
Conversely, the orientation level cannot explain the 
difference between the intermediate and internal layers. 
Crystallinity might play a role, since we observed in 
additional experiments that the internal layers were not 
fully crystallized during the process [5]. βwp also decreases significantly from the skin to the core 
regions. Nevertheless, in this case the interpretation is 
more difficult, since the shape factor β may considerably 
vary with the sample morphology. 
 
5.2 CALIBRATION CONDITIONS 
The influence of the calibration conditions can be 
pointed out by comparing tests 101A z and 102A z. 
When the level of vacuum increases from 100 to 225 
mbar, the birefringence at the external surface increases 
from 0.018 to 0.033 and consequently, we increases from 
47.2 to 66.7 kJ/m2. The same trend is not observed for βwp. 
 
5.3 MECHANICAL ANISOTROPY 
The mechanical anisotropy in the tubes can be 
characterized thanks to tensile tests along θ. Along the 
chain direction the material is stiffer, and both we and 
βwp are greater than in the perpendicular direction. Also 
note that the use of smaller dimensions lead to a 
significant decrease of we (- 13.3 kJ/m
2). 
 
5.4 INITIATION VERSUS PROPAGATION 
According to Karger-Kocsis et al. [6], we can be splitted 
into a component due to initiation and a component due 
to propagation of fracture (Table 3). The same trends are 
observed for these components as for the total esssential 
work of fracture: the higher the orientation, the greater 
these components. Furthermore, it appears that the most 
important part of the essential work is employed to 
propagate fracture. 
Table 3: Initiation and propagation components of the 
specific essential work of fracture 
 
6 CONCLUSIONS 
The local mechanical behaviour of PA12 tubes can be 
approached through the use of multilayered tubes. The 
fracture toughness of these tubes has been characterized 
by the EWF method. EWF is very sensitive to processing 
conditions, and especially to induced orientation. In 
correlation with orientation evolution, it has been clearly 
shown that:  
- it decreases from the external to the inner regions of the 
tube,  
- it increases with skin orientation. 
Accordingly, molecular orientation significantly 
increases the essential work of fracture These results 
confirm those obtained in classical tensile testing and are 
also in agreement with the literature [7]. 
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